Coronary artery occlusion resulting in ischaemia/reperfusion (I/R) injury is a major cause of mortality in the western world. Circulating natural IgM has been shown to play a significant role in reperfusion injury, leading to the notion of a pathogenic response against self by the innate immune system. A specific self-antigen (non-muscle myosin heavy chain II) was recently identified as the major target of pathogenic natural IgM. Therefore, we hypothesized that a synthetic peptide mimetope (N2) or monoclonal antibodies directed against the self-antigen would prevent specific IgM binding to the self-antigen and reduce reperfusion injury in the heart.
Introduction
Ischaemia/reperfusion (I/R) injury represents an acute inflammatory response following trauma, surgery, stroke, heart attack, or other events in which circulation is transiently blocked. 1 Although the mechanism responsible for injury remains unclear, one general model is that injury occurs in two stages. The first stage represents intrinsic cell injury which can be due to various processes including hypoxia-induced increased levels of intracellular reactive oxygen species (ROS), 2 -5 energy depletion, cell swelling, and opening of the mitochondrial permeability transition pore. 6 A second pathway of injury is based on the induction of acute inflammation possibly by neutrophil contact with the hypoxia-induced modified cell surface. 7 A related hypothesis is that recognition of the modified surface is specific and results in activation of the innate immune system via the lectin complement pathway. 8 -12 Thus, according to this model, intrinsic up-regulation of non-lethal levels of ROS leads to the exposure of a 'neo' self-determinant on the cell surface and activation of the innate immune system. Using a rat model of myocardial infarction, Hill and Ward 13 identified a role for complement component 3 (C3) in induction of injury. Subsequently, it was found that specific inhibition of C3b with a soluble complement receptor 1 (CR1) reduced myocardial injury in a rat model of transient I/R. 14 A similar approach was used to block I/R injury in other models such as the central nervous system, 15 skeletal muscle, 16 and intestine. 17 The finding that complement receptor 2-deficient mice (Cr2 2/2 ), which have a limited repertoire of natural IgM, 18 or recombination activation gene-deficient (RAG-1 2/2 ) mice, which are antibody deficient, 19, 20 were protected in an intestinal I/R model first suggested that injury was initiated by circulating natural IgM; a single clone, i.e. IgM cm- 22 , was identified that restored injury. 21 This led to the identification of non-muscle myosin heavy chain II (NMHC-II) as the target self-antigen for pathogenic IgM. 8 In addition, a phage-display library of random 12-mer amino acid sequences was screened with IgM cm-22 and the phage-displayed peptides that were identified shared conserved sequence homology with NMHC-II. 8 A synthetic peptide, referred to as N2, which represents the highly conserved epitope within the myosin heavy chain and to which IgM cm-22 has specific affinity as demonstrated by surface plasmon resonance, was shown to reduce I/R injury in both an intestinal and skeletal muscle model when injected prior to reperfusion. 8, 22 In order to determine whether a similar pathway of natural IgM and N2 antigen plays a role in acute myocardial infarction (AMI), we examined whether a peptide mimetope or blocking antibody specific for the N2 epitope was protective in a closed chest model of coronary artery occlusion.
Methods

Animals
Both WT C57BL/6 and RAG-1 2/2 mice on a C57BL/6 genetic back- 
Myocardial model of I/R injury
A previously described 'closed chest' model for myocardial I/R injury was used. 23 The experimental procedure is described in detail in the Supplementary material online. Unless specified otherwise, the left anterior descending coronary artery (LAD) was occluded for 60 min (referred in the text as I/R) and allowed to reperfuse for 24 h at which time tissues were harvested and serum samples taken. For the 'mock-treated' group, animals were subjected to the medial sternotomy, but the LAD was not occluded. All injections were administered intravenously (iv) into the tail vein prior to I/R unless specified otherwise.
Triphenyltetrazolium chloride staining
Following I/R, mouse hearts were harvested and infarct size was determined by triphenyltetrazolium chloride (TTC) staining which is described in detail in the Supplementary material online.
Masson trichrome staining
Mouse hearts were harvested 5 days post-occlusion and collagen was visualized by Accustain Trichrome staining (Sigma, St Louis, MO, USA) on acetone-fixed cryosections. The method used to quantify the Masson trichrome (MT) staining is described in the Supplementary material online.
Immunohistochemistry and histopathology
Immunofluorescence staining was performed as previously described 11 with minor modifications as described in the Supplementary materials online. Quantification of IgM and C3d staining was performed by using Photoshop software version CS2 as described previously. 24 For histopathology, cryosections of heart tissues were stained with haematoxylin and eosin (H&E) and images were taken with a Leica DMLB digital imaging system (Leica Microsystems, Bannockburn, IL, USA).
Cardiac troponin-I measurements
Following I/R, serum was collected and measured by using a highsensitivity mouse cardiac troponin-I (cTnI) ELISA kit as recommended by the manufacturer (Life Diagnostics, West Chester, PA, USA).
Human IgM purification
IgM was purified as described previously. 25 
Generation of monoclonal antibodies
BALB/c mice were first immunized by intraperitoneal injection using N2 peptide coupled to keyhole limpet haemocyanin (KLH) with complete Freund's adjuvant. Splenocytes were fused with myeloma partners (P3Ag8) and cells were selected in HAT media (Sigma). Clones were screened by ELISA against N2 BSA and positive clones were subcloned. Selected hybridomas were maintained in IMDM media and the monoclonal antibodies (mAbs) were then purified using a protein G column (GE Healthcare, Piscataway, NJ, USA).
2.9 F(ab ′ ) 2 production 21G6 (IgG1) was digested with ficin using a mouse IgG1 F(ab ′ ) 2 preparation kit as recommended by the manufacturer (Pierce, Rockford, IL, USA).
Flow cytometry
Hearts were harvested after I/R and perfused with phosphate-buffered saline (PBS). After weighing tissues, hearts were minced and digested in two rounds at 378C: PBS/0.25% trypsin (Invitrogen) and 0.2% collagenase B (Sigma) for 45 min followed by PBS/0.25% trypsin, 0.2% collagenase B, and 0.1% DNase I (Sigma) for 45 min. Tissues were gently triturated into single-cell suspensions and stained for flow cytometry in Hank's buffered saline solution (Invitrogen, Carlsbad, CA, USA) for 30 min on ice. Combinations of antibodies used included PE anti-CD11b, FITC anti-Gr-1, FITC anti-Ly-6G, PercP anti-CD45, Biotin anti-Ly-6C (1:200 each, BD Biosciences, San Jose, CA, USA), Alexa 633 anti-7/4 (1:200, AbD Serotec, Raleigh, NC, USA). For biotin staining, Streptavidin-APC (1:500, BD Biosciences) was also used. Cells were then subjected to flow cytometry on a four-colour, FACSCalibur machine (BD Biosciences) and data analysed by FlowJo software (Tree Star, Ashland, OR, USA).
Peptide sequences
The N2 peptide sequence is LMKNMDPLNDNV and the scrambled N2 peptide sequence is NVLMNKDDMLPN.
Statistical analysis
Data are presented as means + SEM. Comparisons between two groups only were performed using a Student's t-test and comparisons between three or more groups were performed using a one-way analysis of variance with the Tukey-Kramer post hoc test for unequal sample sizes using GraphPad Prism v4.03 software. Differences were considered statistically significant at P , 0.05.
Animal exclusion
Animals subjected to the I/R protocol were only excluded from the study if they did not fully recover from the initial surgery or had complications during the I/R protocol. Figure 1A ). Hence, the data suggest that a single pathogenic IgM clone (IgM cm-22 ) is capable of restoring myocardial I/R injury to a level similarly seen in C57BL/6 mice ( Figure 1A ). IgM cm-22 binds a highly conserved region of NMHC-II, referred to as N2, and previous studies found that pre-treatment of WT mice with a 12-amino acid synthetic peptide or mimetope representing this sequence was protective in two models of I/R injury. 8, 22 Therefore, to evaluate whether N2 peptide is protective in the myocardial I/R model at a clinically relevant time frame (i.e. at the initiation of reperfusion), N2 peptide was administered following 60 min ischaemia (post-ischaemia). C57BL/6 mice were also analysed for infarct size (see Supplementary material online, Figure S1 ) and cTnI release 24 h post-reperfusion. When N2 peptide was administered 60 min post-ischaemia, infarct size was reduced by 47% when compared with the NS control (37.0 + 4.2 vs. 19.8 + 1.6% infarct/AAR, n ¼ 8 and n ¼ 5, respectively; Figure 1B ) and cTnI levels were reduced by 69% when compared with the NS control (1.3 + 0.2 vs.0.4 + 0.1 ng/mL, n ¼ 13 and n ¼ 8, respectively; Figure 1C ). As expected, treatment with a scrambled N2 peptide sequence was not protective as determined by serum cTnI levels (1.3 + 0.1 ng/mL, n ¼ 10; Figure 1C ). However, although both mean infarct size and cTnI release tended to decrease following administration of N2 peptide at extended ischaemia times (i.e. 90 min ischaemia), this reduction was not statistically significant (data not shown).
To test whether injury could be blocked at specific time points after reperfusion was initiated, N2 peptide was administered 60, Effect of N2 peptide on infarct size (B) and cTnI levels (C). N2 or N2 scrambled (Scr) peptide (200 mg) was injected iv into C57BL/6 mice following 60 min ischaemia (post-ischaemia). Infarct sizes were determined after 24 h reperfusion by TTC staining (B) and serum cTnI levels were also measured (C). (D) Effect of N2 peptide during early stages of reperfusion. C57BL/6 mice were first subjected to 60 min ischaemia after which N2 peptide (200 mg) was injected at various times during reperfusion (post-reperfusion). After 24 h of total reperfusion, serum cTnI levels were analysed ( # P , 0.05; ## P , 0.01; ### P , 0.001).
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90, or 120 min post-reperfusion following 60 min ischaemia. N2 peptide significantly reduced cTnI levels when administered 60 min post-reperfusion compared with NS controls (1.43 + 0.18 vs. 0.59 + 0.17 ng/mL, n ¼ 7 for each group; Figure 1D ). Interestingly, administration of the peptide within 90 min of reperfusion was also significantly protective based on a 43% reduction in cTnI release when compared with saline controls (1.46 + 0.19 vs. 0.83 + 0.15 ng/mL, n ¼ 7 for each group; Figure 1D ). However, the window is limited as treatment at 120 min post-reperfusion was not significantly protective (data not shown). Therefore, the protective effect of N2 peptide, whether administered during ischaemia, at the initiation of reperfusion, or at early times postreperfusion, creates an extended therapeutic window during which N2 peptide can effectively block circulating IgM and limit overall injury. Although N2 peptide significantly reduced infarct size and cTnI release, we further investigated the direct effect on natural antibody binding and activation of complement (C) following I/R injury. C57BL/6 mice were subjected to I/R and cryosections from hearts were stained with antibodies to either IgM or C3d. Notably, IgM and C3d deposition within the left ventricle (LV) were significantly reduced in mice treated with N2 peptide (Figure 2 , panels x-xii). Quantitation of IgM deposition in N2-treated animals when compared with NS controls (13.7 + 1.8 vs. 2.9 + 1.1 pixels/10 mm 2 , n ¼ 12 and n ¼ 11, respectively) within the LV (area at risk) and the right ventricle (non-risk area) is shown in Figure 3A . Additionally, the amount of IgM deposition strongly correlated to the serum levels of cTnI (r 2 ¼ 0.74; Figure 3C ).
Anti-N2 antibodies are protective in cardiac I/R model
The finding that N2 peptide is protective suggests that it acts as a mimetope and inhibits the action of pathogenic IgM. To test this hypothesis further, mAbs were prepared against N2 peptide coupled to KLH. We proposed that mAbs could be used as an inhibitor to block specific recognition of N2 epitope by circulating pathogenic IgM in the I/R model. One clone, 21G6, was selected for use in vivo. To limit possible binding and activation of C or FcgR-dependent events, the Fc piece was removed enzymatically to generate F(ab ′ ) 2 fragments. Treatment with 21G6 F(ab ′ ) 2 reduced serum cTnI levels 68% when compared with the NS control (1.3 + 0.2 vs. 0.4 + 0.2 ng/mL, n ¼ 13 and n ¼ 7, respectively; Figure 3B ). Further, a marked reduction in IgM deposition was observed in the area at risk of mice pre-treated with 21G6 F(ab ′ ) 2 when compared with the NS control (13.7 + 1.8 vs. 2.6 + 1.0 pixels/10 mm 2 , n ¼ 12
and n ¼ 7, respectively; Figures 2 and 3A) . Thus, either N2 peptide or anti-N2 21G6 F(ab ′ ) 2 block circulating pathogenic IgM resulting in significant cardiac protection from I/R injury.
N2 peptide reduces monocyte and neutrophil infiltration in ischaemic hearts
One possible effect of N2 peptide treatment is to reduce downstream leucocyte-induced inflammation following cardiac I/R injury. In order to quantify immune cell populations present in infarcted hearts, hearts were harvested after 24 h reperfusion and single-cell suspensions were stained and characterized by flow cytometry. CD11b + / Figure 2 Effect of N2 peptide and 21G6 F(ab ′ ) 2 on myocardial I/R injury. Representative cryosections of mock-, NS-, N2-, or 21G6 F(ab ′ ) 2 -treated C57BL/6 mice subjected to I/R. Cryosections were stained with H&E, anti-C3d-FITC, and anti-IgM-568. Scale bars, 200 mm.
CD45
+ myeloid cells were significantly increased in NS-treated hearts following I/R injury ( Figure 4A ), whereas N2 peptide treatment significantly decreased myeloid cells in the heart. Within the CD11b + / CD45 + pool, three major populations were identified: infiltrating
2 ), neutrophils (Ly6C 2 /Ly6G + ), and resident macrophages (Ly6C 2 /Ly6G 2 ) ( Figure 4B ). These populations were further confirmed to be neutrophils and monocytes by Gr-1 and 7/4 antigen staining 27 (see Supplementary material online, Figure   S2 ). The frequency of inflammatory monocytes and neutrophils (expressed as cells/mg tissue) increased significantly after 24 h reperfusion compared with mock-treated hearts ( Figure 4C ). With N2 peptide treatment, however, we observed significant reductions in both infiltrating monocyte and neutrophil populations, but not in resident macrophages ( Figure 4C ).
Collagen formation is diminished in N2-treated mice
Following myocardial infarction and resultant cell death, an inflammatory response is normally triggered to clear tissue debris and necrotic cells ultimately leading to the formation of a collagen-based scar in the affected region. To evaluate the functional correlation of mimetope protection to later stages of reperfusion, we examined the effect of N2 peptide on collagen deposition at 5-day reperfusion. As predicted, C57BL/6 mice injected with NS had significant amounts of collagen formation in the LV (area at risk) when compared with mock-treated controls ( Figure 5A , panel v vs. i). However, the amount of collagen deposition in the LV of N2-treated mice was significantly reduced when compared with NS-treated controls (3.0 + 0.3 vs. 1.4 + 0.4 pixels/mm 2 , n ¼ 5 for each group; Figure 5A , panel ix vs. v, and B). In all treatment groups, the non-risk area (right ventricle), which is not affected by LAD occlusion and remains viable, showed no resultant collagen deposition. Further, it is well established that after several weeks following infarction, a mature scar consisting of crosslinked collagen has formed. The reduction in collagen deposition seen in N2-treated animals at 5-day reperfusion is proportional to the size of the mature scar seen in N2-treated animals at 3-week reperfusion, which has the characteristic loss of cellularity and a clearly delineated infarct zone (see Supplementary material online, Figure S3 ). Thus, blocking of acute inflammation by N2 peptide correlates with reduced leucocyte infiltration and subsequent scar formation.
Human IgM bears specificity for N2 self-antigen
It is generally held that humans express similar specificities of circulating natural IgM. Recent results reveal that human IgM (hIgM) mediates injury in an intestinal model of I/R. 28 To examine whether hIgM includes specificity for the N2 epitope in cardiac tissue, antibodydeficient RAG-1 2/2 mice were reconstituted with hIgM in the presence or absence of N2 peptide. hIgM in mock-treated mice had a background level of injury as expected (data not shown). However, mice receiving hIgM and subjected to I/R developed infarct sizes that were significantly increased relative to NS controls (28.2 + 2.8 vs. 14.0 + 1.7% infarct/AAR, n ¼ 4 and n ¼ 7, respectively; Figure 6A ). Administration of N2 peptide resulted in a 30% reduction in infarct size (28.2 + 2.8 vs. 19.8 + 1.5% infarct/AAR, n ¼ 4 and n ¼ 6, respectively; Figure 6A ) as well as the amount of hIgM deposition in the area at risk when compared with mice receiving hIgM alone (9.4 + 2.0 vs. 3.5 + 0.9 pixels/10 mm 2 , n ¼ 8 and n ¼ 6, respectively; Figure 6A and B). Importantly, the reduction in infarct size and hIgM deposition seen in N2-treated animals also correlated with a 72% reduction in serum cTnI levels when compared with mice receiving hIgM alone (0.7 + 0.2 vs. 0.15 + 0.08 ng/mL, n ¼ 13 and n ¼ 7, respectively; Figure 6C) . A further test of the specificity of hIgM is whether injury is blocked with anti-N2 mAbs, which serve to compete for binding of the 
/Ly6G
2 ), and neutrophils (Ly6C 2 /Ly6G + ). Corresponding percentages of each population are indicated on plots. (C) Cumulative analyses of heart inflammation. N2 peptide treatment significantly decreases both infiltrating monocyte and neutrophil populations. Absolute leucocyte numbers were calculated from total cell count, relative population proportions within each heart, and tissue weight ( # P , 0.05).
Self-reactive IgM mediates injury in AMI ischaemic antigen. RAG-1 2/2 mice were reconstituted with hIgM and treated with 21G6 F(ab ′ ) 2 prior to I/R. Treatment with 21G6 F(ab ′ ) 2 resulted in a 38% reduction in infarct size (28.2 + 2.8 vs. 17.4 + 1.0% infarct/AAR, n ¼ 4 and n ¼ 5, respectively; Figure 6D ) and a significant reduction in deposition of hIgM (9.4 + 2.0 vs. 2.7 + 1.2 pixels/ 10 mm 2 , n ¼ 8 and n ¼ 5, respectively; Figure 6E ) when compared with mice receiving hIgM alone. Thus, hIgM is not only pathogenic in the mouse coronary model, but the N2 epitope (NMHC-II) is the major target, suggesting that this specificity is conserved between the two species.
Discussion
It is estimated that more than 1.2 million people in the USA will suffer from a new or recurrent coronary attack in 2010. 29 Although restoration of blood flow to ischaemic tissue is essential for survival, it leads to substantial injury to the myocardium due to activation of both intrinsic (myocardial cell death) 30 and extrinsic (acute inflammation) pathways. 8 This secondary injury, which has been estimated to account for over 25% of myocardial damage following AMI, is referred to as 'lethal reperfusion injury'. 31 The current study used a murine model of coronary artery occlusion to test whether blocking of natural antibody recognition of NMHC-II could reduce lethal reperfusion injury. We found that treatment of mice with a peptide mimetope or a blocking antibody specific for NMHC-II substantially reduces infarct size, IgM and C deposition, neutrophil and monocyte infiltration, and collagen deposition within the LV. Moreover, we find that hIgM bears specificity for the N2 self-antigen similar to that of rodents. The findings presented here are consistent with previous observations in animal models of intestinal 8 and skeletal muscle I/R injury. role in vertebrates. For example, given the highly conserved nature of the N2 region of NMHC-II, natural antibody specific to this epitope could be protective against certain N2-expressing pathogens. Secondly, these results suggest that release or exposure of the N2 epitope within the vasculature of reperfused tissues could trigger activation of acute inflammation in humans. Thus, blocking circulating anti-N2 natural IgM could provide a potential therapy in AMI or other I/R-dependent injuries. Although a number of inhibitors of lethal reperfusion have shown promise in preclinical trials over the past decade, their general failure to limit infarct size in clinical trials of AMI patients has led to a negative outlook on the development of new approaches. 36 For example, inhibitors designed to block C5 (Pexelizumab) 10, 37 and leucocyte integrins CD11/CD11b (LeukArrest) 38, 39 appeared protective in animal models of AMI but both failed to show benefit in clinical trials. 40, 41 With respect to the current study, it is important to note that blocking of C5 would not be expected to inhibit injury identified in our current model. Thus, activation of C3 and release of C3a anaphylatoxin alone would be sufficient to activate mast cells via C3a receptor (C3aR) and induce local injury. Specifically, blocking of C5 with the mAb BB5.1 had negligible effect on cTnI release in our cardiac I/R model (see Supplementary material online, Figure S4 ). Self-reactive IgM mediates injury in AMI Therefore, the apparent failure of anti-C5 treatment in humans is not a predictor of a possible therapy to block N2 recognition by circulating natural IgM. Similarly, the failure of humanized anti-integrin antibody in clinical trials such as 'HALT MI' is not a predictor of the outcome of N2 inhibition because blocking of CD11/CD11b would not prevent mast cell activation via C3aR. 41 Thus, the current study provides support for a novel pathway of inflammation that circumvents the requirement for both C5 and neutrophils. Inflammation following AMI is known to be a double-edged sword as there are beneficial effects in recruitment of inflammatory cells into sites of injury. Recent studies identify specific populations of monocytes that participate in a bi-phasic response to myocardial I/R injury; a Ly-6C hi population that accumulates during the initial inflammatory phase via chemokine (C-C motif) receptor 2 (CCR2) and an Ly-6C lo population via chemokine (C-X3 -C motif) receptor 1 (CX 3 CR1) that is involved in later reparative events such as granulation tissue formation. 42, 43 In our model, characterization of heart cell extracts by flow cytometry identified a dramatic influx of monocytes and neutrophils at 24 h reperfusion. After the initial inflammatory phase, granulation tissue begins to appear supported by newly formed vessels while myofibroblasts synthesize interstitial collagens. Although collagen can be harmful as it limits myocardial function, it stabilizes the infarcted area and minimizes the expansion of the infarct protecting against events such as ventricular rupture or aneurysm. 44 Examination of collagen deposition following 5-day reperfusion identified significant amounts of collagen in the infarcted area of NS-injected mice as expected. Importantly, mice treated with N2 peptide have markedly less collagen in the LV that correlates with reduced cTnI release and leucocyte infiltration. This reduction of collagen in the hearts of N2-treated animals is directly proportional to the level of necrosis in the LV thereby resulting in less scar tissue formation. Additionally, because mature scar formation is known to lead to cardiac dysfunction, echocardiography was also performed on both NS-and N2-treated mice at 3-week reperfusion when a mature scar is clearly delineated. Although N2-treated animals trended towards improved ejection fractions, the difference in means were not statistically different (data not shown). This is likely due to not only the experimental variability within the groups but also the relatively moderate infarct sizes targeted in this model (i.e. 20-25% of LV). Finally, the success of recent trials of cyclosporine, which blocks mitochondrial-dependent cell death in patients with ST-elevation undergoing percutaneous coronary intervention, 4 supports the importance of a continuing search for inhibitors of lethal reperfusion. 45 Therefore, the novel pathway described in this study could potentially be targeted with alternative inhibitors of inflammation [i.e. N2 mimetope or anti-N2 F(ab ′ ) 2 ] as their apparent mechanisms differ from those previously described.
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